1. Introduction {#sec0005}
===============

Coronavirus disease 2019 (COVID-19) is an acute respiratory infection disease caused by severe acute respiratory syndrome coronavirus 2 (SARS coronavirus 2 or SARS-CoV-2) that was first identified in December 2019 in Wuhan, Hubei, China. The incidence of COVID-19 has grown dramatically in China and the virus has rapidly spread to more than 200 countries of the world since the late February 2020. On 28 Feb 2020, World Health Organization raised the global COVID-19 risk to highest level. COVID-19 outbreak has become a potential threat to the global public health. The impact of economic burden imposed by COVID-19 is substantial and considerable, in medical resources, quarantine measures, restriction of trade, disruption of production, loss of job, deteriorated finance, etc. Indeed, this pandemic highlights the need for effective therapeutics for SARS-CoV-2 infections that can improve patients' clinical conditions. Although mountains of novel findings on COVID-19 are accumulating, the pathogenesis of COVID-19 remains to be fully elucidated for development of better intervention strategies. In this review, we will give a general overview of the existing studies on the epidemiology, virology, clinical presentation, pathophysiology, diagnosis, and treatment of SARS-CoV-2 infection.

2. Epidemiology {#sec0010}
===============

2.1. Geographic distribution {#sec0015}
----------------------------

COVID-19 cases were firstly reported in Wuhan city, Hubei province, China, in September 2019. From then on, cases have been distributed globally except for Antarctica. By June 12th 2020, more than 7,5 00,000 confirmed cases of COVID-19 have been reported. Approximately 3,500,000 cases were cured and more than 421,000 infected people were died with global death-to-cases ratio 5.61 %. Updated cases throughout the world can be found in the following websites: <https://coronavirus.jhu.edu/map.html> [and]{.ul} <https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports>.

2.2. Incubation period and viral shedding duration {#sec0020}
--------------------------------------------------

Estimation of the incubation period and viral shedding duration is helpful to assess the risk of transmission, make measures of isolation and quarantine, and provide rational antiviral interventions for treating patients. Based on the current epidemiological investigations, the incubation period of COVID-19 is about 1--14 days, with a median time of 3--7 days, and can be up to 24 days in a tiny minority of cases from exposure to symptoms onset \[[@bib0005], [@bib0010], [@bib0015]\]. Viral shedding may begin 2--3 days before the presence of the first symptom \[[@bib0020]\]. Median duration of viral shedding has found to be 20.0 days and the longest duration could be up to 37 days in survivors, while the viral RNA in non-survivors could be detected until death \[[@bib0025]\]. In the cases of severe COVID-19 patients, the median duration of viral shedding has shown to be 31.0 days from illness onset.

2.3. Transmission {#sec0025}
-----------------

Novel coronavirus is mainly transmitted through respiratory droplet, aerosol, direct or indirect contact. Several studies have provided epidemiological evidences that human-to-human transmission of novel coronavirus in family, hospitals, and even across cities were occurred \[[@bib0030], [@bib0035], [@bib0040]\]. Guan et al. found that patterns of human-to-human transmission included familial aggregation \[[@bib0030]\], asymptomatic virus carrier \[[@bib0045]\], and the three-phase outbreak \[[@bib0050]\], which were in accordance with other findings. The "super-spreaders" may occur in this pandemic \[[@bib0005]\]. Prominently, infected persons without symptoms during the incubation period could be sources of infection, suggesting the asymptomatic transmission of SARS-CoV-2 \[[@bib0045],[@bib0055], [@bib0060], [@bib0065], [@bib0070], [@bib0075]\]. The rapid and uncontrollable spread of this virus may ascribe to the "silent transmission" by some patients with atypical symptoms.

More and more evidences have proved that this virus can spread through multiple routes as well. To et al. detected the self-collected saliva, a non-invasive specimen, by one-step real-time RT-qPCR assay targeting the S protein \[[@bib0030]\]. They obtained the positive results that were consistent with those detected through nasopharyngeal or sputum specimens, which may be due to the infection of epithelial cells in saliva gland ducts or the secretions from nasopharynx and lung in the saliva. Therefore, virus in saliva may allow transmission via speaking or coughing \[[@bib0080]\].

Zhang et al. firstly reported the presence of viral nucleotide in anal swabs and blood. During the later stage of infection, the level of viral RNA was higher in anal swab than in blood, suggesting the possibility of multiple routes transmission of virus including oral-fecal or body fluid route \[[@bib0085]\]. Studies of Xiao et al. have shown that the viral RNA tested in feces was positive even in gastrointestinal tracts was negative \[[@bib0090]\]. Another two findings emphasized that the diarrhea as onset symptom should not be ignored and the fecal-oral transmission route should be taken seriously \[[@bib0095],[@bib0100]\]. Chen et al. analyzed the viral RNA levels in pharyngeal, swab, blood, and the anal swab by real-time PCR. The concentrations of viral RNA in blood and anal swabs were positively correlated with the severity of COVID-19. Since the spike protein of novel coronavirus interacts with the host ACE2 receptor for viral attachment and entry to establish infection, the presence of viral RNA in digestive tract in which ACE2 is abundantly expressed confirmed the viral replication in extrapulmonary sites. Early detection of viral RNA in the blood and digestive tract may be helpful in predicting the progression of COVID-19 \[[@bib0105]\].

A clinician who wore an N95 mask but not safety goggles was infected with SARS-CoV-2 while working with COVID-19 patients in Wuhan, suggesting the potential transmission through mucous membranes in the eyes \[[@bib0110]\]. Despite no detectable viral RNA was in the conjunctival swabs samples from infected patients reported in the further studies \[[@bib0115]\], Deng et al. have confirmed that SARS-CoV-2 could be transmitted through ocular conjunctival route in a rhesus macaques model, cautioning us the necessity of eye protection to prevent the spread of SARS-CoV-2 \[[@bib0120]\].

Chen et al. reported potential vertical transmission in nine pregnant women with laboratory confirmed COVID-19 infection. When the newborns were delivered by caesarean section, amniotic fluid, cord blood, throat swabs from newborns, and breastmilk were collected for testing and all of them were negative for the novel coronavirus. Currently there is no conclusive evidence supporting that women with COVID-19 in the late trimester of pregnancy could cause intrauterine infection due to vertical transmission. However, this investigation is restricted to the small number of cases and the pregnant women in the third trimester \[[@bib0125],[@bib0130]\]. It should be noted that infants and pregnant women remain susceptible to COVID-19 infection. Special care should be taken to prevent neonatal infections from mothers with COVID-19.

Overall, the above studies warn the virus transmission through multiple routes including respiratory tract, alimentary tract, nasolacrimal system, oral-fecal, and body fluid route, and that the potential maternal-fetal vertical transmission should not be ignored. The properties of viral shedding before symptoms appear and via multiple routes indicate the strong infectiousness of SARS-CoV-2 and pose a huge challenge in controlling the spread of disease.

3. Virology of SARS-CoV-2 {#sec0030}
=========================

SARS-CoV-2 belongs to the family coronaviruses and subgenus *sarbecovirus* (beta-CoV lineage B) and is a new strain virus distinct from Severe Acute Respiratory Syndrome (SARS-CoV) and Middle East Respiratory Syndrome (MERS-CoV). The genome sequence of SARS-CoV-2 shows more than 85 % identity to a bat SARS-like CoV (bat-SL-CoVZC45, MG772933.1) \[[@bib0135]\]. Its genome is a positive-sense single-stranded RNA of about 30 kb with structured untranslated region (UTR) on the 5′-end, poly (A) on the 3′-end, and 11 open reading frames encoding 27 proteins. The gene order is as follows: 5′ UTR (nt 1--265)-replicase ORF1ab (nt 266−21,555)-Spike (nt 21,563-25,384)-ORF3a (nt 25,393-26220)-Envelope (nt 26,245-26,472)-Membrane (nt 26,523-27,191)-ORF6 (nt 27,202-27,387)-ORF7a (nt 27,394-27,759)-ORF7b (nt 27,756-27887)-ORF8 (nt 27,894-28,259)-Nucleocapsid (nt 28,274-29533)-ORF10 (nt 29,558-29,674)-3'UTR (nt 29,675-29,903). The ORF1ab gene accounts for two-thirds of the genome and encodes 16 non-structural proteins (NSP1-NSP16) while the remaining genome encodes 4 structural proteins (S, M, E, N) and 6 accessory proteins (ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF10) \[[@bib0140], [@bib0145], [@bib0150], [@bib0155]\]. Currently more than 40,000 SARS-CoV-2 genomes publicly available (<https://www.gisaid.org/> <https://bigd.big.ac.cn/ncov/release>\_genome\#) represent the genomic diversity of the virus in the world. Though all sequenced SARS-CoV-2 genomes share more than 99% similarity, it has been found that there are at least two hypervariable genomic hotspots. One is a silent mutation in the ORF1ab, the other one is an amino acid polymorphism (Serine/Leucine) in ORF8 which is predicted to induce structural disorder of the protein in the C-terminal portion \[[@bib0150]\]. 149 mutations were identified in 103 SARS-CoV-2 genome sequences and through population genetic analyses, investigators uncovered two major types of SARS-CoV-2 in circulation (L and S type) based on two tightly linked SNPs at position 8,782 and 28,144. The S type (∼30 %) is the ancestral version while L type (∼70 %) is derived from S type, although L type is more prevalent and more aggressive in the outbreak. Based upon the evolution of novel coronavirus, there may be great distinctions in transmissibility, pathogenicity, and virulence between S and L type \[[@bib0160]\]. Forster et al. analyzed 160 complete SARS-CoV-2 genomes by phylogenetic network and found three central variants named A, B, and C. The genome of type A is the most closely related to the bat coronavirus, which is supposed to be the "root of the outbreak". Type A is mainly found in United States and Australia. Type B is distinguished from type A by two mutations T8782C and C28144 T, and is prevalent in Wuhan and East Asia. It seems that type B is resistant outside Ease Asia populations, since type B is not intended to spread outside East Asia without further mutated. Type C is derived from type B by the mutation G26144 T and mainly found in Europeans, and also found in Singapore, Hong Kong, Taiwan, and South Korea but absent in mainland China \[[@bib0165]\].

In addition to the viral mutations mentioned above, the human genetic variation may partly contribute to the geographical variations in the prevalence and mortality of COVID-19 pandemic.

Delanghe et al. have investigated the role of the D/I polymorphism in intron 16 of host's angiotensin-converting enzyme-1 (ACE1) in the epidemiology of COVID-19 infections. Prevalence and mortality data of the COVID-19 infections from European, African, Mediterranean, Middle East and Asian countries were included in the study. They found that the frequency of ACE1 D-allele was negatively correlated with prevalence of COVID-19, suggesting the confounded role of ACE1 D/I polymorphism in the circulation of SARS-CoV-2 and the outcome of the infection \[[@bib0170], [@bib0175], [@bib0180], [@bib0185]\]. While complement component 3 (C3) polymorphism, a central component of the innate immune system, has been found to be a principal component of gene frequencies among European populations and a crucial determinant for COVID-19 prevalence and mortality \[[@bib0185]\]. Dai's paper suggested infected patients carrying A allele of ABO blood group type especially those with cardiovascular diseases in particular hypertension, tend to develop severe COVID-19 \[[@bib0190]\]. SARS-CoV-2 virion particles are enveloped, roughly spherical or moderately polymorphic with diameter ranging from 80−160 nm \[[@bib0195]\]. SARS-CoV-2 has four structural proteins including spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins necessary for virion particle formation, and four highly conserved nonstructural proteins including papain-like protease (PLpro, nsp3), 3CL-protease (3CLpro, nsp5), RNA-dependent RNA polymerase (RdRp, nsp12), and helicase (nsp 13) \[[@bib0200]\] that are needed for viral RNA replication \[[@bib0205],[@bib0210]\]. The N protein forms a ribonucleoprotein complex with viral RNA. The S protein is responsible for virus entry to the host cell by binding to the cellular receptor angiotensin-converting enzyme 2 (ACE2). The width of the S protein is about 7 nm, and the length is about 23 nm \[[@bib0195]\]. S protein has unique insertion of four amino acids (PRRA), which is a furin-like or TMPRSS2 cleavage site \[[@bib0215],[@bib0220]\]. S protein can be cleaved into S1 and S2 subunits. When the S1 subunit is dissociated, S2 undergoes a conformational change, extending itself from a compressed form to a nail shape. S1 is the receptor binding domain that helps the virus attach to the surface of the host cell, then the cellular proteases prime the S protein and cleave it at specific site, thereby promoting the S2 mediated fusion process of virus with host cell membrane. The incorporation of PRRA resulting in the cleavage of S protein and triggering fusion, distinguished from other beta-coronaviruses, may greatly affect the regulation of the pathogenicity and transmissibility of SARS-CoV-2 \[[@bib0225],[@bib0230]\].

Understanding how SARS-CoV-2 hijacks the host cells during infection is crucial for developing therapeutic strategies. A global collaboration have identified 332 high-confidence interactions between SARS-CoV-2 proteins and human proteins. These protein interactions participate in several complexes and biological processes including DNA replication, epigenetic and gene expression regulators, vesicle trafficking, lipid modification, RNA processing and regulation, ubiquitin ligases, signaling, nuclear transport machinery, cytoskeleton, mitochondria, and extracellular matrix. Around 40 % of these interacting proteins were bound up with endomembrane compartments or vesicle trafficking pathways. The SARS-CoV-2 main protease, Nsp5 may affect the transport of endoplasmic reticulum and mitochondria. Some viral proteins also showed interaction with natural immune signaling proteins involved in IFN pathway, NF-κB pathway, etc, which may take part in cytokine storm. 69 compounds were found to target these protein interactions including FDA approved drugs, compounds in clinical trials, and preclinical compounds. Based on screening assays, two broad sets of drugs and compounds: mRNA translation inhibitors and Sigma1 and Sigma2 receptor modulators, were showed to exert antiviral activity \[[@bib0235]\].

4. Clinical and laboratory manifestations {#sec0035}
=========================================

4.1. Clinical manifestations {#sec0040}
----------------------------

The clinical manifestations of COVID-19 range from asymptomatic infection, to flu-like illness such as fever, cough, dry cough and fatigue, to pneumonia, acute respiratory distress syndrome, and even multi-organ failures with high morbidity and mortality. The clinical diversity of non-specific signs and symptoms is poorly understood and seems to be correlated to the age, underlying comorbidities, and immunity status of the individual.

Wang et al. reported 138 hospitalized cases of 2019-nCoV infected pneumonia in which most patients had fever, fatigue, dry cough, lymphopenia, prolonged prothrombin time, and higher level of lactate dehydrogenase \[[@bib0070]\]. Specifically, abnormal coagulation features including higher D-dimer and fibrin degradation product levels, longer prothrombin time and activated partial thromboplastin time, are significantly associated with poor prognosis \[[@bib0240]\]. Chest CT scans in the lungs of all patients showed ground glass opacity or bilateral patchy shadows \[[@bib0070]\]. But a larger scale of research on 1,099 laboratory-confirmed COVID-19 patients from 552 hospitals in 31 provinces throughout China showed that a certain amount of patients did not have fever or abnormalities on chest CT, making the diagnosis more complicating \[[@bib0005]\]. Severe patients who received intensive care unit (ICU) care were more likely to have two or more underlying comorbidities that usually associated with poor clinical outcomes. Hypertension, cardiovascular disease, and diabetes were the most common comorbidities, while chronic obstructive pulmonary disease (COPD) was less common. Other comorbidities include pharyngeal pain, dizziness, abdominal pain, dyspnea, anorexia, cerebrovascular diseases, hepatitis B infections, chronic kidney diseases, and malignancy, and complications include acute respiratory distress syndrome \[[@bib0235]\], arrhythmia, and shock \[[@bib0070],[@bib0245]\].

The fact that SARS-CoV could attack the nervous system was confirmed by the viral genome sequence detected in the infected patients' cerebrospinal fluid. In the findings of Mao et al., more than 30 % patients showed the neurological manifestations including central nervous system symptoms (headache, dizziness, disturbance of consciousness, epilepsy, etc), peripheral nervous system symptoms (decreased taste, decreased smell, decreased appetite, neuralgi, etc), and skeletal muscle injury. The neurological symptoms were more frequent in severe patients than in non-severe patients. It is worth noting that the first symptoms of some patients occurred in the nervous system, such as facial paralysis, hallucinations, etc. The virus circulation in the blood and crossing the blood-brain barrier, as well as the highly expression levels of ACE2 in vascular endothelial cells of nervous system and in smooth muscle cells of skeletal muscle, may contribute to the viral infection in nervous system \[[@bib0250]\]. On March 4, a 56-year-old COVID-19 patient in China was firstly reported to present with viral encephalitis (<https://www.caixinglobal.com/2020-03-06/new-research-sparks-debate-over-whether-coronavirus-can-infect-the-nervous-system-101524986.html>). Though this is a rare case, in terms of clinical treatment, it provides some important indications. When the central nervous system is infected, cerebral edema or even hernia may occur, which is life-threatening. It is necessary to monitor the neurological indicators to avoid the death. Since the primary damage of SARS-CoV-2 infection is mainly in the lungs, whether viral infection leading to pathological damage in other tissues and organs is primary or secondary remains to be further investigated.

4.2. Laboratory manifestations {#sec0045}
------------------------------

Laboratory abnormalities provide some vital implications that may serve as predictors for severity of disease. Older age, higher sequential organ failure assessment score, and levels of D-dimer greater than 1 μg/mL were three potential risk factors related to poor prognosis, as reported by Zhou et al. \[[@bib0025]\]. White blood cells count, neutrophil count, and levels of D-dimer, creatine kinase, and creatine were higher in ICU patients compared to non-ICU patients \[[@bib0070]\]. Liu et al. found that the viral load of SARS-CoV-2 from patients' respiratory tracts was positively correlated to the lung disease severity. Albumin, percentage of lymphocytes and neutrophils, lactate dehydrogenase, and C-reactive protein were highly associated to the acute lung injury and may be useful to predict the disease severity. Notably, the angiotensin II levels in the plasma of the infected patients were markedly higher than that in healthy persons and strongly related to viral load and pulmonary injury, suggesting the potential treatment with angiotensin receptor blockers for COVID-19 \[[@bib0255]\].

5. Pathophysiology {#sec0050}
==================

One's own immunity serves as a powerful defense against pathogens. Imbalance of immune function occurs if the immune system of the individual to the infection is less active or hyperactive than normal.

During the SARS-CoV-2 infection, the induced responses are two phased ([Fig. 1](#fig0005){ref-type="fig"} ). In the viral response phase, virus infected cells activate an innate immune response, recruiting neutrophils, macrophages and monocytes. To clear the virus, the specific immune response priming the adaptive T and B cell subsequently is required to promote. In most cases of incubation and mild to moderate stages, normally this process is able to resolve the infection. However, in some cases, virus can inhibit the inherent immunity and thus evade the acquired immune response. This imbalance of immune function occurs resulting in propagation of virus and damage of tissues. Xu et al. reported that the counts of peripheral CD4 and CD8 T cells of a patient with severe immune injury caused by COVID-19 were reduced but their status was hyperactivated \[[@bib0260]\]. Zhang et al. reported a couple cases and found that the levels of immune cells CD3, CD4, CD8, CD19 and CD16^+^56 were declined during the onset period of infection. CD19^+^ and CD16^+^56^+^ cells, the cytotoxic natural killer cells exerting antiviral activity, were increased when the patient's condition obtained improvement, suggesting the predictor role of CD19^+^ and CD16^+^56^+^ as progression of infection \[[@bib0265]\].Fig. 1The viral response phase and host inflammatory response phase during SARS-CoV-2 infection.Fig. 1

In the host inflammatory response phase, damaged cells caused by SARS-CoV-2 infection in the lungs induce inflammation that is mainly regulated by pro-inflammatory macrophages and granulocytes. Hyperactive immune response of the individual to the infection may trigger a cytokine storm, resulting in life-threatening widespread pulmonary inflammation. Huang et al. reported that cytokine storm was closely related to the disease severity in SARS-CoV-2 infection. Initial concentrations of IL1B, IL1RA, IL7, IL8, IL9, IL10, basic FGF, GCSF, GMCSF, IFNγ, IP10, MCP1, MIP1A, MIP1B, PDGF, TNFα, and VEGF in plasma were higher in infected patients than in healthy persons. Among the infected patients, levels of IL2, IL7, IL10, GCSF, IP10, MCP1, MIP1A, and TNFα in plasma were higher in ICU patients as compared to non-ICU patients \[[@bib0270]\]. However, the questions that remains unanswered are: How does the body perceive the virus and release cytokines? Why and how higher levels of cytokines cause the deterioration of clinical conditions and even mortality? Which cytokines and their pathways can be potential therapeutic targets? In response to viral infections, the host needs to effectively mobilize the immune system to clear virus and avoid the cytokine storm triggered by over activation. Our understanding of virus-induced cytokine storms and the balance between immune system and virus is still limited. To address these problems, we still have a long way to go.

6. Detection and diagnosis {#sec0055}
==========================

6.1. Nucleic acid testing {#sec0060}
-------------------------

Currently, nucleic acid testing kits are commercial available and still the gold standard to confirm the presence of the SARS-CoV-2. Chu's group has established two one-step quantitative reverse transcription-PCR assays. Primers binding to the ORF1b and N genes of subgenus sarbecoviruses respectively were used to amplify the viral genome. But these developed assays couldn't distinguish SARS-CoV, SARS-CoV-2, and other sarbecoviruses, further sequence analyses of amplicons that are positive in RT-PCR results are required to confirm the species \[[@bib0275]\]. Shirato et al. have developed two nested RT-PCR assays with primers bounding to the ORF1 and S protein, and two real-time RT-PCR assays with primers binding to the sequence encoding N protein, successfully detecting 25 SARS-CoV-2 positive infected patients in Japan \[[@bib0280]\]. Corman et al. have designed a workflow for diagnosis of novel coronavirus without the virus isolates available. Making use of the genetically similarity to 2003 SARS-CoV and synthetic nucleic acid technology, they have developed three RT-PCR assays as follows, primers binding to E gene can detect bat-associated SARS-related coronaviruses; specific probe hybridizing to RNA-dependent RNA polymerase (RdRp) was used to make a distinction between SARS-CoV-2 and SARS-CoV; the RT-PCR assay designed to amplify the region of N gene was less sensitive so that it was not further validated \[[@bib0285]\].

Normally the throat and nasal swab in the upper respiratory tract of the patients are sampled for nucleic acid testing, which is fast and convenient for physicians to operate and causes no trauma to the patients. Nonetheless, novel coronavirus mainly infects the lower respiratory tract and the viral load in the upper respiratory tract may not be high enough for detection, resulting in false negatives \[[@bib0290]\]. In addition, given the viral replicative activity is influenced by the host immune system, it is possible that one has clinical symptoms but the quantity of virus is not sufficient for detection, leading to the occurrence of false negative results as well. What's more, the progression and severity of pneumonia cannot be concluded based on the real-time RT PCR results. Infected patients with false negative RNA results bring enormous challenges for medical workers to provide appropriate treatment and take isolation measures in time. Diagnosing the confirmed COVID-19 cases merely by nucleic acid testing is obviously not accurate enough.

6.2. Chest CT images {#sec0065}
--------------------

The most common manifestations of chest CT in patients with novel coronavirus pneumonia are ground glass opactities and patchy consolidation in bilateral lungs. According to the distributions and types of lesions, chest CT manifestations can be divided into three stages: at the early stage, only a single ground-glass opacity or irregular solid nodules of varying sizes can be seen. As the infection progresses, ground-glass opactities with a rounded morphology, reticulation, or crazy paving pattern and patchy, parenchyma or mixed consolidation distributed in the middle and peripheral area of bilateral lungs may present. Nodules involving multiple lobes are increased and enlarged. A few patients may have small pleural effusions. When the disease progresses to a critical stage, more extensive pulmonary consolidation and ground-glass opactities, diffuse pulmonary lesions, increased density of bilateral lungs and even "white lung" may appear. Pleural effusions, lymphadenopathy and an air bronchogram sign may present in a small number of patients \[[@bib0295], [@bib0300], [@bib0305], [@bib0310], [@bib0315], [@bib0320], [@bib0325]\]. A clinical trial involving in using CT scores to predict the mortality of patients with SARS-CoV-2 pneumonia have been completed (NCT04284046).

It is not surprising that patients have false negative results in nucleic acid testing but the CT images show some features of novel coronavirus infection \[[@bib0325]\]. Therefore, in the latest edition of China's diagnosis and treatment guidelines for new coronavirus pneumonia, chest CT scan is one of the clinical diagnosis standards of suspected cases and the nucleic acid testing kit is then used to make a clinical diagnosis of confirmed cases of novel coronavirus infection.

6.3. Antibody detection {#sec0070}
-----------------------

Not as nucleic acid testing or Chest CT images that can detect acute infection, antibody tests detects the person ever infected, especially those with asymptomatic infection. IgG and IgM antibodies in serum of SARS-CoV-2 infected patients arise simultaneously or sequentially within around 1--3 weeks after illness onset \[[@bib0330]\]. N and different forms of S protein are the major antigens for detecting the antibodies induced by SARS-CoV-2 infection. Different types of assays for antibody testing can be applied to assess different aspects of immunological response and function of antibodies induced by virus infection.

Zhao et al. have developed a serology ELISA kit using CHO cell expressing fully glycosylated, full length SARS-CoV-2 S1 protein for surveillance of the infection at the early stage. Glycosylation of S1 protein is important to facilitate the protein folding properly and increase the protein's affinity to the receptor, ensuring the great sensitivity and high specificity of the ELISA kit \[[@bib0335]\]. Padoan et al. have developed a chemiluminescence immunoassay using MAGLUMITM 2000 Plus for simultaneously detecting SARS-CoV-2 IgG/IgM in sera. Using this system, serum tubes with a gel separator can be the primary samples for direct viral inactivation, which is safe for the operators. They measured the kinetics of immunoglobulin time and showed the rapid increase of IgM and IgG on 6--7 days since the symptom onset \[[@bib0340]\]. Perera et al. have developed an ELISA assay using recombinant receptor-binding domain of the S protein for screening the SARS-CoV-2 infection and plaque reduction neutralization tests using live virus for confirming the induced protective immunity. This strategy could be used to evaluate infection attack rates in the population and estimate the severity of illness and herd immunity \[[@bib0345]\]. Nie et al. have developed a pseudovirus-based neutralization assay using a vesicular stomatitis virus pseudovirus production system for determining neutralizing antibodies against SARS-CoV-2. Full-length spike protein of SARS-CoV-2 was pseudotyped in the virus, mimicking the viral attachment and entry during infectious process. This assay is much safe and can be performed in BSL-2 laboratories \[[@bib0350]\].

6.4. Other diagnosis methods {#sec0075}
----------------------------

Except for the methods mentioned above, other diagnosis methods are expected to increase the detection rates of infection. A clinical trial on evaluation of rapid diagnostic kit detecting IgM/IgG for novel coronavirus pneumonia is ongoing in China (ChiCTR2000029870). CRISPR-Cas system applied as a diagnostic tool is characterized by fast speed, highly specificity and sensitivity. Hou et al. have developed a rapid diagnostic assay based on CRISPR-Cas13a with a near single-copy sensitivity for SARS-CoV-2 detection \[[@bib0355]\]. Zhang et al. have published a detailed protocol using the CRISPR-based SHERLOCK system for detection of COVID-19. Without PCR amplification, the results can be read out in less than an hour (<https://www.broadinstitute.org/files/publications/special/COVID19%20detection%20(updated>). pdf).

Lamb et al. have developed a rapid diagnostic test for COVID-19 virus using Revers Transcription Loop-Mediated Isothermal Amplification (RT-LAMP) that can be applied to rapidly detect the virus in serum, urine, saliva, oropharyngeal swabs, and nasopharyngeal swabs in 30 min \[[@bib0360]\]. Yu et al. have established an isothermal LAMP based system coupled with a pH indicator allowing the colorimetric detection for COVID-19 coronavirus (iLACO). This iLACO is rather sensitive that can detect as low as 10 copies of the targeted ORF1ab gene in 15−40 min. Compared to RT-PCR, these two approaches are more rapid, accurate, and can be conducted with limited facilities \[[@bib0365]\].

7. Treatments {#sec0080}
=============

Currently no specific antiviral medication or vaccine is approved for treating patients with suspected or confirmed COVID-19. Chinese National Health Commission recommends the use of interferon-α, lopinavir/ritonavir, ribavirin, chloroquine, and arbidol for confirmed SARS-CoV-2 infections. Inappropriate use of antibacterial agent, especially the broad spectrum antibiotic, is not suggested. Plasma from cured patient is suitable for the severe and critically ill patients. Blood purification therapy can remove inflammatory factors and block cytokine storms, thus relieving the damage of inflammation to the body, which is useful for the severe and critically ill patients having cytokine-release syndromes in the early and middle stages. Tocilizumab can be used for the severe patients with elevated IL-6 levels. Traditional Chinese medicines (TCMs) have a long history of application in human disease in China. Chinese health authorities also recommend dialectical treatments for patients in different conditions, eg, jinhuaqinggan granule, lianhuaqingwen capsule, and shufengjiedu capsule for the people in medical observation period; lung-clearing and detoxification decoction for moderate or severe patients, etc.

As no licensed drug for COVID-19 at present, efforts to discover antivirals targeting virus at various stages during infection and host factors involved in the virus life cycle, regulation of immune system or other cellular processes, are on the fast track. We search the ClinicalTrials.gov and give a brief introduction of some representative drugs and therapies as follows ([Table 1](#tbl0005){ref-type="table"} ).Table 1Representative treatments under clinical trials for COVID-19.Table 1classificationConditionsdrug /cocktail/interventionmechanismPhasesNCT Numberdirect-acting antiviralSevere COVID-19RemdesivirRdRp inhibitor for Ebola virus disease and Marburg virus infectionsPhase 3NCT04292899Moderate COVID-19Phase 3NCT04292730Mild/Moderate COVID-19Phase 3NCT04252664COVID-19Phase 2NCT04280705Severe COVID-19Phase 3NCT04257656moderate COVID-19Clevudineinhibition of HBV DNA polymerase and reverse transcriptase.Phase 2NCT04347915COVID-19CarrimycinMacrolides antibiotic for systemic bacterial infectionsPhase 4NCT04286503Suspected/Mild/common COVID-19combination of Bromhexine Hydrochloride Tablets, Arbidol Hydrochloride Granules, Recombinant Human Interferon-α2β Spray, Favipiravir TabletsBromhexine Hydrochloride: clearing mucus from the respiratory tract;\
Arbidol Hydrochloride: membrane fusion inhibitor for influenza,\
Favipiravir：RdRp inhibitor for influenza;\
Oseltamivir: neuraminidase inhibitor for influenza A and B, Lopinavir/ritonavir: protease inhibitor;\
ASC09: Protease inhibitor for HIV; Ganovo: protease inhibitor for Hepatitis C virus; Darunavir/Cobicistat: protease inhibitor for HIV;\
Ribavirin: nucleoside inhibitor for RSV infection, hepatitis C and some viral hemorrhagic fevers.Not ApplicableNCT04273763COVID-19Abidol hydrochloride, Oseltamivir, Lopinavir/ritonavirPhase 4NCT04255017COVID-19ASC09/oseltamivir, ritonavir/oseltamivir, oseltamivirPhase 3NCT04261270COVID-19ArbidolPhase 4NCT04260594COVID-19Ganovo + ritonavir+/-Interferon atomization, Long acting interferon, Recombinant cytokine gene-derived protein, Lopinavir + ritonavir,Chinese medicines + interferon atomizationPhase 4NCT04291729direct-acting antiviralCOVID-19ASC09/ritonavir, lopinavir/ritonavirNot ApplicableNCT04261907COVID-19Darunavir/CobicistatPhase 3NCT04252274COVID-19combination of Lopinavir/ Ritonavir, Ribavirin and\
IFN-betaPhase 2NCT04276688COVID-19Abidol Hydrochloride combined with Interferon atomizationPhase 4NCT04254874host target agentCOVID-19DuvelisibPI3K inhibitionPhase 2NCT04372602COVID-19Recombinant human angiotensin-converting enzyme 2 (rhACE2)receptor of SARS-CoV-2Not ApplicableNCT04287686COVID-19Isotretinoininhibition of ACE 2 receptorPhase 3NCT04361422Severe/Critical COVID-19Bevacizumab Injectionanti-VEGF drug for cancersPhase 2\|Phase 3NCT04275414COVID-19Hydroxychloroquineantimalarial drugPhase 3NCT04261517\
NCT04329611COVID-19Anti-CD147 Humanized Meplazumab for InjectionCD147: receptor of SARS-CoV-2Phase 1\
\|Phase 2NCT04275245COVID-19Lactoferrinnon-specific host defense, inhibition of virus entry,\
reduce IL-6, TNF a, and downregulate ferritinPhase 2\
Phase 3NCT04421534COVID-19 Requiring HospitalizationLosartanAT1 inhibitorPhase 2NCT04312009COVID-19 Not Requiring HospitalizationLosartanPhase 2NCT04311177COVID-19LosartanPhase 1NCT04335123host target agentCOVID-19 Associated Acute Respiratory DistressAviptadilprevents NMDA-induced caspase-3 activation in the lung, inhibits cytokines production, protects against pulmonary edemaPhase 2NCT04311697COVID-19Sildenafil citrate tabletsinhibitor of cGMP-specific phosphodiesterase type 5, improve pulmonary oxygenationPhase 3NCT04304313Immunoregulation therapyModerate COVID-19thalidomideanticancer drug for multiple myelomaPhase 2NCT04273529Severe COVID-19thalidomide combined with Low-dose Hormonesanti-inflammatory, anti-fibrotic, anti-angiogenesis, and immune regulationPhase 2NCT04273581COVID-19Fingolimodimmunomodulating drug for multiple sclerosis, phingosine-1-phosphate receptor regulators, effective immunology modulatorPhase 2NCT04280588severe COVID-19 with lymphocytopeniaPD-1 blocking antibody, ThymosinPD-1 blocking antibody: immune checkpoint inhibitor, prevent T cell exhaustion; Thymosin: regulate cellular immunityPhase 2NCT04268537COVID-19Ozanimodimmune modulatorPhase 2NCT04405102COVID-19recombinant human interferon-α2βan antiviral or antineoplastic drug for a wide range of viral infections and cancersEarly Phase 1NCT04293887Severe COVID-19Intravenous Immunoglobulinpassive immunity and anti-inflammatory, immunomodulatory effectPhase 2\|Phase 3NCT04261426Moderate to Severe COVID-19COVID Convalescent Plasmaneutralizing antibodies directly bind to the spike protein to prevent viral entryEarly Phase 1NCT04412486Severe COVID-19Immunoglobulin of cured patientsNot ApplicableNCT04264858COVID-19Anti-SARS-CoV-2 Inactivated Convalescent PlasmaNot ApplicableNCT04292340Immunoregulation therapySevere COVID-19Anti-SARS-CoV-2 convalescent plasmaneutralizing antibodies directly bind to the spike protein to prevent viral entryPhase 2NCT04354831Severe COVID-19convalescent plasmaPhase 2NCT04415086critical Covid-19hyperimmune plasmacompletedNCT04321421COVID-19Eculizumabmodulate the activity of the distal complement preventing the formation of the membrane attack complexNot ApplicableNCT04288713Severe COVID-19CD24Fcinnate checkpoint against the inflammatory responsePhase 3NCT04317040Severe COVID-19MethylprednisoloneMethylprednisolone: used for a wide range of conditions. suppress the immune system and decrease inflammationPhase 4NCT04263402COVID19 Critically Ill Patients With Severe Acute Respiratory FailureMethylprednisolonePhase 2\|Phase 3NCT04244591COVID-19Sarilumaban inhibitor of the receptor of interleukin 6Phase 2\|Phase 3NCT04315298Critical COVID-19Naproxenanti-inflamatoryPhase 3NCT04325633Cytokine Release Syndrome in COVID-19Tocilizumaban inhibitor of the receptor of interleukin 6Not ApplicableNCT04306705COVID-19 with viral InflammationStem Cell Educator-Treated Mononuclear Cells Apheresisreverse the autoimmune responsePhase 2NCT04299152COVID-19Natural killer Cellsmobilize the immune system to actively kill the invading viruses and the infected cells.Phase 1NCT04280224COVID-19NKG2D-ACE2 CAR-NK cellssecreting super IL15 superagonist and GM-CSF neutralizing scFvPhase 1\
Phase 2NCT04324996COVID-19FT516anti-viral activity of NK cellsPhase 1NCT04363346COVID-19SARS-CoV-2 specific T cells from convalescent donorsadoptive T-cell therapyNot ApplicableNCT04351659COVID-19PUL-042 Inhalation Solutioninnate immune stimulantPhase 2NCT04313023Severe COVID-19PUL-042 Inhalation SolutionPhase 2NCT04312997vaccineCOVID-19Injection and infusion of LV-SMENP-DC vaccine and antigen-specific CTLsLV-SMENP-DC vaccine is made by modifying DC with lentivirus vectors expressing Covid-19 minigene SMENP and immune modulatory genes. CTLs will be activated by LV-DC presenting Covid-19 specific antigens.Phase 1\|Phase 2NCT04276896COVID-19Recombinant Novel Coronavirus VaccineAdenovirus Type 5 VectorPhase 1NCT04313127\
NCT04398147COVID-19Pathogen-specific aAPClentivirus modification including immune modulatory genes and the viral minigenesPhase 1NCT04299724COVID-19mRNA-1273a novel lipid nanoparticle -encapsulated mRNA-based vaccine that encodes for a full-length, prefusion stabilized spike protein of SARS-CoV-2Phase 1NCT04283461\
NCT04405076COVID-19SARS-CoV-2 inactivated vaccineinactivated vaccinePhase 1\
Phase 2NCT04383574 NCT04352608 NCT04412538COVID-19SCB-2019a Recombinant SARS-CoV-2 Trimeric S Protein Subunit VaccinePhase 1NCT04405908COVID-19Measles Vaccinecross-protective antibodiesPhase 3NCT04357028COVID-19BNT162a1, BNT162b1, BNT162b2, BNT162c2SARS-CoV-2 RNA vaccinePhase 1NCT04368728COVID-19V-SARSvaccine made from heat-inactivated plasma from donors with COVID-19Phase 1\
Phase 2NCT04380532COVID-19bacTRL-Spikeplasmids containing synthetic DNA encoding spike proteinPhase 1NCT04334980vaccineCOVID-19BCG Vaccinestimulate broad, innate components of the immune systemPhase 3\
Phase 4NCT04348370\
NCT04384549\
NCT04373291Mesenchymal Stem Cells (MSCs)COVID-19Human UC-MSCsregulate the immune response, reduce inflammation and affect tissue regenerationPhase 1NCT04293692Severe COVID-19MSCsPhase 1\
\|Phase 2NCT04288102COVID-19MSCsPhase 1NCT04252118Severe COVID-19Human UC-MSCsNot ApplicableNCT04273646COVID-19 Patients Using Wharton\'s Jelly-Mesenchymal Stem CellsWharton\'s Jelly-MSCsPhase 1NCT04313322COVID-19UC-MSCsPhase 2NCT04269525Severe COVID-19Dental Pulp MSCsEarly Phase 1NCT04302519Severe COVID-19MSCs-derived exosomesPhase 1NCT04276987TCMCOVID-19Huaier Granulean adjuvant drug for primary hepatic carcinomaPhase 2\
\|Phase 3NCT04291053COVID-19 with Pulmonary FibrosisN-acetylcysteine + Fuzheng Huayu Tabletinhibit MMP activity to protect subepithelial basement membrane which plays a key role in lung injury and interstitial fibrosis.Phase 2NCT04279197Mild/Common COVID-19Yinhu Qingwen Decoctionantiviral activityPhase 2\
\|Phase 3NCT04278963COVID-19T89 capsuleImprove cardiovascular function and relieve anginaNot ApplicableNCT04285190General/Severe COVID-19Xiyanping Injectiontreatment for bronchitis, has anti-inflammatory and immune regulation effectsNot ApplicableNCT042955512019-nCoV PneumoniaXiyanping injectionNot ApplicableNCT04275388mild and severe neo-coronary pneumoniaTetrandrineanti-fibrosisPhase 4NCT04308317VCSevere COVID-19Vitamin C Infusionessential nutrientPhase 2NCT04264533NOCOVID-19Nitric Oxide Gas Inhalationgaseous signaling moleculePhase 2NCT04388683Severe Acute Respiratory Syndrome in COVID-19.Nitric Oxide Gas InhalationPhase 2NCT04290871Mild/Moderate COVID19Nitric Oxide Gas InhalationPhase 2NCT04290858washed microbiota transplantationCOVID-19washed microbiota transplantationimmunomodulatory effectNot ApplicableNCT04251767[^1]

7.1. Direct-acting antiviral {#sec0085}
----------------------------

### 7.1.1. Remdesivir {#sec0090}

Remdesivir, as a nucleotide analogue inhibiting RNA-Dependent RNA Polymerase, has shown broad-spectrum antiviral activities against RNA viruses including SARS-CoV, MERS-CoV and Ebola virus \[[@bib0200],[@bib0370]\]. Xiao's group firstly found that remdesivir and chloroquine are potently effective against SARS-CoV-2 infection with rather low EC~50~ value and high selective index in vitro \[[@bib0375]\]. Notably, intravenously administration of remdesivir after development of pneumonia remarkably improved clinical condition, reported in the first case of novel coronavirus infection in the united states \[[@bib0380]\], though this could not be definitely ascribed to the effect of the drug. Currently, clinical trials are ongoing evaluating the efficacy and safety of remdesivir in patients hospitalized with mild, moderate (NCT04252664) and severe (NCT04257656) COVID-19. Up to now, several results of clinical trials on the efficacy of remdesivir for COVID-19 have published. Beigel et al. have reported a multicenter trial enrolling 1063 patients that conducted in 60 sites and 13 subsites globally \[[@bib0385]\]. In the remdesivir treated group, the time to recovery was significantly shorter compared to the placebo (NCT04280705). Gilead Sciences company reported the improved clinical outcomes of the patients with severe COVID-19 treated with remdesivir in a compassionate-use program. No new safety signal was observed during the therapy \[[@bib0390]\]. In contrast, in a multicenter trial conducted at ten hospitals in Hubei, China, use of remdesivir in severe COVID-19 patients was not statistically significantly correlated to improve the time to clinical improvement, mortality, or time to eliminate virus \[[@bib0395]\]. The opposite clinical outcomes resulting from various studies may mainly ascribe to different clinical parameters setting, outcome measures, and eligibility criteria for enrollment. Larger sample sizes and more rigorous clinical trial designs are required to further confirm the potency of remdesivir against SARS-CoV-2 infection.

### 7.1.2. Arbidol {#sec0095}

Arbidol is licensed in Russia and China mainly for treatment of influenza infection and other respiratory viral infections \[[@bib0400]\]. It is both a direct-acting antiviral and host-targeting agent with broad-spectrum activity interacting with membrane and viral or cellular proteins, exerting inhibition ability involved in viral entry, viral fusion, replication, assembly, budding, and stimulation of host immune responses \[[@bib0405]\]. In February 2020, Li Lanjuan, a famous Chinese epidemiologist, claimed that arbidol and darunavir in preliminary tests could inhibit the replication of new coronavirus in vitro. She proposed using arbidol and darunavir for treating pneumonia patients suffering from SARS-CoV-2 infection. Prominently, novel coronavirus infected patients in Wuhan and Shanghai receiving arbidol showed significant signs of improvement in pneumonia \[[@bib0265],[@bib0410]\]. Phase IV clinical trials involving arbidol/arbidol hydrochloride alone or in combination with interferon atomization, oseltamivir or Lopinavir/Ritonavir for treatment of SARS-CoV-2 viral pneumonia are under investigation (NCT04255017, NCT04260594, NCT04254874).

### 7.1.3. Lopinavir/ritonavir {#sec0100}

Lopinavir/ritonavir is a fixed dose combination medication approved by FDA acting as a potent protease inhibitor for HIV-1 infection \[[@bib0415]\]. Lopinavir/ritonavir are potential candidates for SARS-CoV and MERS-CoV infection \[[@bib0420],[@bib0425]\]. Molecular dynamics simulations studies have showed that lopinavir/ritonavir could bind to the active site of SARS-CoV 3CLpro \[[@bib0430]\]. An open clinical trial conducted in Hong Kong during the SARS-CoV outbreak in 2003 revealed that patients treated with lopinavir/ritonavir had a lower viral load and were associated with better clinical outcomes and fewer adverse effect \[[@bib0420]\]. Lopinavir/ritonavir combined with recombinant interferon beta-1b is also being investigated for treatment of MERS-CoV infection (NCT02845843) \[[@bib0435]\]. Since the protein sequence of main protease of SARS-CoV and SARS-CoV-2 are closely related with 96 % identity, it is possible that lopinavir/ritonavir can be applied to novel coronavirus infection. However, a clinical trial conducted in hospitalized adult patients with severe COVID-19 in China showed no benefit with lopinavir/ritonavir treatment over standard care (ChiCTR2000029308) \[[@bib0440]\]. Whether combination of lopinavir/ritonavir with other antivirals would have improvement of clinical outcomes remains to be further determined.

7.2. Host target agent {#sec0105}
----------------------

### 7.2.1. Chloroquine {#sec0110}

Chloroquine, a FDA-approved drug for anti-malarial and autoimmune disease \[[@bib0445]\], is also known as a potent antiviral of SARS-CoV infection in vitro for interrupting the glycosylation of cell surface receptor, ACE2 \[[@bib0450]\]. Chloroquine also showed inhibitory effect on the replication of MERS-CoV in vitro \[[@bib0455]\]. Recently, chloroquine were tested against SARS-CoV-2 with EC~90~ at low micromolar concentration and may restrict the viral entry and post entry processes in vitro \[[@bib0375]\]. Chloroquine is an immunomodulation agent that may enhance its antiviral activity as well. In light of the safety and potent efficacy, clinical study testing chloroquine against pneumonia caused by SARS-CoV-2 is being conducting (NCT04261517). Preliminary results from the multicenter clinical trials conducted in China have demonstrated that chloroquine phosphate effectively inhibited the progression of pneumonia, eliminated the virus, and shortened the duration of diseases without any severe adverse effects \[[@bib0460],[@bib0465]\]. However, data of an open label, randomized controlled trial conducted in China (ChiCTR2000029868) enrolling patients with mild to moderate COVID-19 and two observational studies involving a large number of consecutive hospitalized patients with COVID-19 in New York City did not support the use of hydroxychloroquine because it was not associated with either a significantly higher or lower risk of intubation or death, or lower in-hospital mortality \[[@bib0470], [@bib0475], [@bib0480]\]. In the absence of evidence of therapeutic effects, we particularly need to understand whether the drug's safety risks are worth taking.

### 7.2.2. Recombinant human angiotensin-converting enzyme 2 (rhACE2) {#sec0115}

ACE2, an important regulatory component in the renin-angiotensin-aldosterone system (RAAS), not only mediates virus infection, but also directly participates in the progression of acute lung injury that highly correlated with the high mortality \[[@bib0485]\]. SARS-CoV-2 infection has been shown to significantly reduce the expression of ACE2 in lung, resulting in aggravated acute lung injury. Conversely, overexpression of ACE2 in the knockdown mice model of acute respiratory distress syndrome offered some protection, suggesting the potential therapeutic effect of rhACE2 in SARS-CoV-2 infection \[[@bib0490]\]. On the one hand, elevated expression of ACE2 may increase the risk of viral infection; on the other hand, higher expression of ACE2 may have a protective effect against acute lung injury. So far the exact role of ACE2 expression remains unknown, and the impacts on susceptibility of SARS-CoV-2 and prognosis of patients need more basic and clinical studies for further confirmation (NCT04287686).

### 7.2.3. Anti-CD147 antibody {#sec0120}

Except for ACE2 as a receptor of host cells for SARS-CoV-2 attachment and entry, it is reported that CD147, which expresses in many human cell types including epithelial cells, endothelial cells and leukocytes, also facilities the invasion of SARS-CoV-2 via binding to spike protein \[[@bib0495]\]. Blocking the interaction between spike protein of SARS-CoV-2 and CD147 via anti-CD147 humanized antibody was proved to be able to inhibit the replication of SARS-CoV-2 in vitro, offering a novel target for antiviral therapy (NCT04275245) \[[@bib0500]\].

7.3. Immunoregulation therapy {#sec0125}
-----------------------------

### 7.3.1. Methylprednisolone {#sec0130}

Methylprednisolone is a corticosteroids medication for inhibiting the immunity and reducing inflammation \[[@bib0505]\]. New coronavirus infected patients are complicated by acute lung injury and acute respiratory distress syndrome, which are partly caused by host overactive immune responses \[[@bib0510]\]. Corticosteroids can decrease inflammation of the lungs but also suppress the immune response and increase viral replication. Treatments of SARS and MERS-CoV infected patients with corticosteroids showed that inflammation persisted after clearance of virus. No sufficient evidence supported that SARS-CoV-2 infected patients would benefit from corticosteroids, and contrarily they may suffer from this therapy \[[@bib0515],[@bib0520]\]. Two trials are recruiting critically ill patients with severe acute respiratory failure caused by novel coronavirus infection to test the efficacy and safety of methylprednisolone (NCT04263402, NCT04244591). However, corticosteroids should be used with caution for treating novel coronavirus. While considering the possible benefits, the risk of complications including psychosis, diabetes, avascular necrosis must be balanced against.

### 7.3.2. Immunoglobulin/ immunoglobulin of cured patients/Convalescent plasma {#sec0135}

Immunoglobulin therapy is to use a mixture of normal human immunoglobulins for improving the immunity, which is especially effective for acute infections. This passive immunity through immunoglobulin injection can be acquired immediately but the duration is short \[[@bib0525]\]. Intravenous immunoglobulin suggested for treating severe and critically ill COVID-19 patients was proved to improve the clinical outcomes and prognosis \[[@bib0410]\]. Whereas SARS-CoV-2 is a novel virus and almost no antibodies are present in the healthy populations, intravenous immunoglobulin acting as a non-specific immune enhancer on mild or common patients may only have limited efficacy.

After virus infects the body, many different antibodies against viral proteins can be produced in the body, but most antibodies do not actually have an antiviral effect except for those that recognize proteins on the surface of the virus particles \[[@bib0530]\]. During the outbreak of SARS-CoV, infected patients treated with convalescent plasma carrying SARS-CoV-specific antibodies from cured patients have been suggested to yield clinical benefits with reduced viral load and lower mortality rate \[[@bib0535]\]. The underlying mechanism for the protective effect of convalescent plasma seems to be that the neutralizing antibodies produced in previously infected patients can directly bind to the spike protein on the virus particles to prevent them from entering the cells \[[@bib0540]\]. In addition to the neutralizing antibodies, other surface antibodies can bind to the virus and mediate the phagocytosis of the virus by macrophages, and further hydrolyze the viral nucleic acids and proteins. However, virus can also evolve a set of strategies to escape the degradation through macrophages and replicate to form new ones. Worse still, the viral replication in macrophages may promote the release of excess pro-inflammatory factors leading to cytokine storms, which is the major cause of acute respiratory distress syndrome and multiple organ failure \[[@bib0545]\].

At present, several clinical trials are ongoing testing the efficacy and safety of the anti-SARS-CoV-2 inactivated convalescent plasma (*eg*, NCT04292340) and the immunoglobulin from patients who recovered from SARS-CoV-2 pneumonia (NCT04264858) on the treatment of patients with acute severe SARS-CoV-2 pneumonia. Though the use of convalescent plasma or hyperimmune immunoglobulin may be a new strategy especially effective for the treatment of SARS-CoV-2 pneumonia, the potential risks of promotion of cytokine storms and transfusion-transmitted infection should be taken seriously.

### 7.3.3. PD-1 blocking antibody {#sec0140}

Virus attacking the respiratory system and immune system causes the damage of immunological function with lymphocytopenia, decreased CD8 and CD4 T cell count that associated with severe SARS-CoV-2 pneumonia \[[@bib0070],[@bib0255],[@bib0270],[@bib0515]\]. The host fights against the viral infection through virus-specific cytotoxic T lymphocytes. Reversion of T cell exhaustion is helpful to promote the antiviral immunity. PD-1 blocking antibody is one of the anticancer drugs that prevents the interaction between PD-L1 on the tumor cells and PD-1 on the T cells. Blocking the interaction of these cell surface proteins can modulate the immunological tolerance of tumors, thus preventing the cancer cells from evading the surveillance of immune system \[[@bib0550]\]. Diao et al reported that the expression levels of T cell exhaustion marker PD-1 from COVID-19 patients were much higher as compared to healthy controls \[[@bib0555]\]. Therefore, blocking PD-1 to prevent T cell exhaustion resulting in activation of antiviral immune responses may be a novel therapeutic strategy for COVID-19. However, before applying the PD-1 blocking antibody for treatment of lymphocytopenia induced by SARS-CoV-2 infection (NCT04268537), the correlation between PD-1 and T cell function should be measured to predict the response rate and the adverse effects such as cytokine-release syndromes and pneumonitis.

### 7.3.4. Mesenchymal Stem Cells (MSCs)/MSCs-derived exosomes {#sec0145}

Patients infected with SARS-CoV-2 admitted to the intensive care unit had cytokine storms with increased secretion of IL2, IL7, IL10, GSCF, IP10, MCP1, MIP1A, and TNFα, associated with severe illness including acute respiratory distress syndrome and organ failure \[[@bib0510]\]. Mesenchymal stem cells (MSCs) can be an immunomodulatory agent inhibiting the secretion of cytokines, suppressing the overactive immune responses, and decreasing the inflammation. MSCs are safe and seldom induce rejection reactions to human body due to the inherently poor immunogenicity properties \[[@bib0560]\]. Regenerative potential of MSCs is helpful to repair the alveolar epithelial cells and vascular endothelial cells, leading to reduction of lung damage \[[@bib0565]\]. Owing to the immunoregulation, anti-inflammation, damaged tissue repair and regeneration properties, MSCs-based treatments have been applied to a variety of refractory diseases and are expected to have a critical role in novel coronavirus-induced severe pneumonia (NCT04293692, NCT04288102, NCT04252118, NCT04273646, NCT04269525).

MSCs-derived exosomes contain abundant biologically active substances such as signaling lipids, growth factors, cytokines, and RNA. Recent studies have revealed that exosomes are also important mediators for cell-cell communication via paracrine or endocrine manner \[[@bib0570]\]. MSCs-derived exosomes have similar biological functions as mesenchymal stem cells, for example, repairing and regeneration of tissues, suppression of inflammatory response and regulation of immunity \[[@bib0575]\]. MSCs-derived exosomes have been applied to the treatment of various lung diseases including pulmonary fibrosis, pulmonary arterial hypertension, lung cancer, bronchopulmonary dysplasia, and acute respiratory distress syndrome \[[@bib0580]\]. Studies have demonstrated that MSCs-derived exosomes could significantly reduce lung pathologic damage and increase the survival rate of mice with pulmonary fibrosis \[[@bib0585]\]. Compared to MSCs-based therapy, its derived exosomes as cell-free therapy is much safer and easier to pass through the physical barriers due to their nano size \[[@bib0590]\], suggesting a broad application prospect in a variety of diseases especially the pulmonary diseases (NCT04276987).

7.4. TCMs {#sec0150}
---------

TCMs have a long history of medical use and are frequently used for the prevention and treatment of infection diseases in China. Based on TCM therapy concept of "multiple compounds-multiple targets-multiple effects", a TCM prescription often contains multiple herbs working together to battle a disease. Within these mixture components, some work directly on the viral targets involving the life cycle including attachment, entry, transcription of viral mRNA, replication of viral genome, translation of viral protein, and the assembly, maturation and release of progeny virus particles \[[@bib0595]\]. To infect the host efficiently, viruses have evolved a series of strategies to escape the host's innate and adaptive immune responses against viral infection. On the other hand, to fight against the virus, the host may release excessive or uncontrolled proinflammatory cytokines that correlated to tissue damage or organ failure \[[@bib0510]\]. Except working as direct-acting antivirals, most of the molecules in TCM are immunomodulators that could block the viral immune evasion or enhance the host antiviral immune responses, while the others may contribute to reducing the toxicity or enhancing the bioavailability \[[@bib0595]\]. Despite not often being recognized as a real medicine, TCMs actually have exhibited excellent anti-SARS-CoV-2 efficacy during the outbreak of COVID-19 as evidenced by the high recovery rate and low mortality rate of confirmed cases taking TCM in China \[[@bib0410],[@bib0600]\]. Xiyanping is a licensed TCM injection in China used in the treatment of bronchitis, tonsillitis, bacterial dysentery. It mainly contains active compounds extracted from *Andrographis paniculata* (Chuan Xin Lian) \[[@bib0605]\]. In the 7th edition of the diagnostic and treatment guidelines for the COVID-19 issued by Chinese health authorities, Xiyanping injection is recommended for treating severe and critically ill patients with bacterial co-infection attributed to its antiviral, anti-inflammatory, antibacterial, and immune regulation activities. In addition to the significant antiviral efficacy, what calls for special attention is that the indication, dosage, and solvents of TCM injection should be used rationally to reduce the occurrence of side effects \[[@bib0610]\].

7.5. Vaccine {#sec0155}
------------

Strategies to develop vaccine for COVID-19 are mainly focused on the spike protein of SARS-CoV-2, which is crucial for virus entry. Zhu et al. have reported a first-in-human clinical trial of a replication defective adenovirus type-5 (Ad-5) vectored COVID-19 vaccine expressing the full-length spike glycoprotein of SARS-CoV-2 (NCT04313127). This vaccine was showed to be tolerated and the adverse reactions were transient and self-limiting. Vaccination could induce humoral and T-cell responses rapidly but partly diminished in some participants by reason of pre-existing anti-Ad5 immunity \[[@bib0615]\]. Mckay et al. have developed a self-amplifying RNA encoding pre-fusion stabilized spike protein of SARS-CoV-2 encapsulated within a lipid nanoparticle as a vaccine. Immunizations of self-amplifying RNA lipid nanoparticle have been shown to induce large amount of SARS-CoV-2 specific lgG antibodies, robust cellular responses and secretion of pluripotent cytokines in mice. Vaccination was also found to be capable of potently neutralizing a pseudotyped HIV virus expressing the spike protein. Unlike messenger RNA based vaccine (NCT04283461), self-amplifying RNA is able to encode any antigen of interest and only requires a minimum dose. More importantly, not as plasmid DNA requiring electroporation, this lipid nanoparticle-formulated vaccine is more convenient to use because it can be injected directly with a syringe and needle \[[@bib0620]\]. Smith et al. have reported the preclinical development of a synthetic DNA-based COVID-19 vaccine encoding SARS-CoV-2 spike glycoprotein and an N-terminal IgE leader for enhancing the expression and immunogenicity. Immunization of mice and guinea pigs could promote durable production of functional antibodies that strongly neutralize the pseudovirus and live virus and block the ACE2 binding to spike protein of SARS-CoV-2. Specific antibodies of anti-SARS-CoV-2 were found to mainly distribute in the lungs after immunization. SARS-CoV-2 S protein-specific T cell responses were also stimulated in immunized mice \[[@bib0625]\].

Except for targeting S protein, SARS-CoV-2 inactivated vaccine (NCT04383574, NCT04352608, NCT04412538) and SARS-CoV-2 RNA vaccine (NCT04368728) are also being investigated in the clinical trials. What's more, repurposing other vaccines, such as BCG vaccine (NCT04384549, NCT04348370) and MMR vaccine (NCT04357028), may be a potential alternative strategy for treating COVID-19. For the outbreak that likely to stage a come back in the future, clinical trials of SARS-CoV-2 vaccines have been launched in many countries around the world, but it still takes time until the safe and effective vaccine against COVID-19 is available.

7.6. Other treatments {#sec0160}
---------------------

### 7.6.1. Washed microbiota transplantation {#sec0165}

ACE2 not only expresses in the lung tissue, but also distributes in the intestinal epithelium \[[@bib0630]\]. Apart from invading the host\'s lung tissues, SARS-CoV-2 also interferes with the absorption of nutrients in the human body by binding to ACE2 of the intestinal epithelium, causing gastrointestinal discomfort \[[@bib0070]\]. The intestinal flora can regulate various lung diseases through the intestinal-lung axis with immunomodulatory effect, including viral pneumonia, asthma, tuberculosis, and chronic obstructive pulmonary disease. Maintaining the normal communication of intestinal-pulmonary axis is helpful to alleviate lung disease \[[@bib0635],[@bib0640]\]. Intestinal malnutrition often occurs in patients with COVID-19 and sometimes develops to secondary bacterial infections and antibiotic-related diarrhea, suggesting the crucial connection between intestinal tract and respiratory tract. Washed microbiota transplantation as a rescue therapy for critically ill patients with diarrhea may have important clinical benefits (NCT04251767).

### 7.6.2. Vitamin C {#sec0170}

Vitamin C, a kind of antioxidant, is essential for tissue repair and immune system function \[[@bib0645]\]. Vitamin C can prevent oxidative damage induced by virus infection and improve the immunity of patients with pneumonia. It has been reported that enterovirus/rhinovirus infection can cause devastating acute lung injury. High dose of intravenous vitamin C could attenuate the acute respiratory distress syndrome and relieve lung damage produced by enterovirus/rhinovirus infection. Down-regulation of reactive oxygen, nitrogen species, and pro-inflammatory genes by vitamin C may contribute to these curative effect \[[@bib0650],[@bib0655]\]. Nevertheless, the role of vitamin C as monotherapy in the recovered patients is still uncertain. Before vitamin C can be applied as a therapy, the side effects of high dosage, such as nausea, indigestion, abdominal cramps, and diarrhea owing to the unabsorbed vitamin C in the intestine should be considered. Since the leading causes of death of SARS-CoV-2 infected patients are associated with acute respiratory distress and multiple organ failure, further investigations and larger trials should be performed to uncover the underlying mechanism and evaluate the exact efficacy of vitamin C.

The strong infectivity of SARS-CoV-2 highlights the need of early intervention with effective treatment. Although abundant clinical trials are registered and underway since the outbreak of COVID-19, the exact pathogenesis of SARS-CoV-2 has not been elucidated clearly yet, along with no approved drug or vaccine for either SARS-CoV or MERS-CoV as a reference, raising a significant challenge for specific and effective anti-SARS-CoV-2 drug development.

8. Conclusions {#sec0175}
==============

\(1\) SARS-CoV-2 infections currently have spread to more than 200 countries across 6 continents and is posing a profound threat to the global public health and economy. Proper managements to decrease the prevalence rate of COVID-19 patients have become more urgent with the expanding geographic distribution. Unfortunately, control measures available to prevent SARS-CoV-2 infection are very limited owing to the strong infectivity of the virus and the pattern of person-to-person transmission.

\(2\) Currently there is no vaccine or specific antivirals available for COVID-19. Though mountains of novel findings on COVID-19 are accumulating, it is clear that there are still fundamental gaps in our knowledge. A better understanding of the aetiology and pathogenesis of COVID-19 will help us to develop effective strategies for the prevention and treatment of the disease. There is still a long way to go to curb and combat this novel coronavirus.
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[^1]: Data were collected from <https://clinicaltrials.gov> by June 9, 2020.
